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Introduction
There are a variety of industries, which use NORM minerals, where thermal processes are applied. Among 
them, melting processes to produce or refine metals, roasting or calcining processes to extract minerals 
or produce stabilized products or ceramics and, simply, combustion processes of minerals in the form of 
fossil fuels such as coal for power generation, are the most common. In all these thermal processes, the 
heating of the feedstock provokes the volatilization of radionuclides with low boiling point, particularly 
210Pb and 210Po, increasing the exposure of plant workers due to the possible inhalation of furnaces fumes 
enriched in these nuclides. These volatile radionuclides, a) can additionally be partially released to the 
nearby environment through the atmosphere, generating an environmental and public impact that, in 
each specific case, needs to be evaluated, or b) can be also condensed in scrubbers and filters generating 
an inhalation risk for the workers in charge of maintenance operations in these areas.
The occupational and public radiological impact associated to the volatilization of 210Pb and 210Po 
in industries applying thermal processes to minerals will be very much dependent on the content in 
these radionuclides of the raw material treated, the characteristics of the process applied, and the 
countermeasures taken to avoid its dispersion to the nearby environment. In this contribution, a review 
of the most important NORM thermal processes will be exposed, taking into account the occupational 
and public radiological impacts, associated to the volatilization of 210Pb and 210Po. 
NORM Industries Processing Minerals
Background
All minerals and raw materials contain radionuclides of natural terrestrial origin. The activity 
concentrations of these natural radionuclides in normal rocks and soils are variable but generally 
low. However some minerals, that are exploited commercially, contain uranium and thorium series 
radionuclides at a significantly elevated activity concentration. These radionuclides, during its industrial 
physical or chemical processing may become unevenly distributed between the various materials arising 
from the industrial process. Even, in some cases, although the treated mineral presents low uranium 
and/or thorium concentrations, the special feature of their industrial processing can lead to the special 
accumulation of some radionuclides in a particular generated material or in a specific place of the 
industrial process. The industries where these minerals are treated are called NORM (naturally occurring 
radionuclide material) industries and need special radiological consideration because they may lead to a 
significantly increase in exposure to natural sources
From the radiological point of view, a considerable body of knowledge and experience has been gained 
during the last twenty years concerning NORM industrial operations. Even, nowadays, there is a quite 
established list of industrial sectors involving in the processing of minerals where occupational and 
environmental radiological evaluations are imperative, and when necessary, radiological regulatory 
control are established (IAEA, 2007). 
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The processes applied to the minerals in the NORM industries for obtaining the commercial products are 
quite variable, depending very much of the characteristics of the raw material and of the final product to 
be obtained. But, the great majority of NORM industrial activities are based in one of the two following 
general processes: 
a) Chemical treatment of the mineral or raw material with strong acids (wet chemical processes), and b) 
Thermal processes. 
This distinction is extremely important concerning the behavior and radiological impact of the 210Pb and 
210Po (radionuclides belonging to the uranium series) associated initially to the raw material, because both 
radionuclides are well known for its low boiling point (elevated volatility at high temperature). In NORM 
industrial activities involving thermal processes the occupational and public exposures due to 210Pb and 
210Po needs to be assessed, being even necessary in some cases the establishment of regulatory controls. 
On the other hand the role on 210Pb and 210Po, from the radiological point of view, is more limited in NOM 
industries where their activities are based in wet chemical processes, as it will be shown in the following 
sections
Industrial NORM activities based in the application of wet chemical processes
In a set of well-defined NORM industries, the applied processes are mostly based in the dissolution of 
the raw materials with strong acids, and the posterior chemical or physical isolation of the elements or 
compounds of interest without the use of high temperatures. In these cases, the behavior of the 210Pb and 
210Po nuclides, originally present in the raw material, is dominated by the chemical reactions induced in the 
process, being accumulated both nuclides in one or various of the products generated. In the commented 
chemical processes, the volatilization of 210Pb and 210Po is quite reduced, being quite limited their possible 
occupational and/or public radiological impact due to inhalation.
One typical NORM activity that can be included in the group under consideration in this section is the 
devoted to the production of phosphoric acid by treating the raw material (phosphate rock) by the wet 
method with sulphuric acid. In this case, the reaction that summarizes the production process is the 
following:
Phosphate rock  +  Sulfuric acid   ------------- Phosphoric acid + Phosphogypsum
In the process, and together with the commercial product (phosphoric acid) it is formed a co-product 
called phosphogypsum (calcium sulphate dyhidrate) that although it has some value in agriculture or 
in the cement industry, generally is disposed forming big stacks in nearby areas of the phosphoric acid 
factories.  This phosphogypsum accumulates most of the 210Po and 210Pb originally present in the raw 
material (Bolivar et al., 1996), as it can be deduced from the data shown in Table 1. In this table, the 
activity concentrations for both nuclides in the raw material and products generated in a phosphoric acid 
factory located at the South-west of Spain are shown. Taking into account that for each kg of phosphate 
rock treated, 1,5 kg of phosphogypsum is generated, it is easy to deduce that around 90% of the 210Pb and 
210Po originally present in the raw material finish in the mentioned co-product. In the chemical process, 
sulphates of lead and polonium are formed, which are quite insoluble compounds.
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Table 1.- Activity concentrations (Bq/kg) of 210Pb and 210Po in raw materials and products generated in a 
phosphoric acid plant
Sample 210Pb  (Bq/kg) 210Po (Bq/kg)
Phosphate Rock 1 1540 ± 70 1640 ± 50
Phosphate Rock 2 1660 ± 70 1710 ± 60
Phosphoric Acid 1 100 ± 7 26 ± 1
Phosphoric Acid 2 55 ± 4 12 ± 1
Phosphogypsum 1 760 ± 40 760 ± 35
Phosphogypsum 2 740 ± 50 950 ± 50
The disposal of the majority of the 210Pb and 210Po with the phosphogypsum in the big stacks, their 
low solubility preventing its migration to neighboring aquifers and the low resuspension of the 
phosphogypsum, made their radiological impact quite limited.
Other typical NORM activity that can be included in the group analyzed in this section is the dedicated to 
the manufacture of dioxide titanium pigments via the sulphate process. In these industries a titanium rich 
mineral like the illmenite (with activity concentrations of 100-1500 Bq/kg of 238U series radionuclides) 
is treated with strong sulphuric acid for the dissolution of the mineral. The titanium, dissolved in this 
first step together with other metals (mostly Fe) and compounds, is then isolated by hydrolysis and 
precipitation, and the pigment formed. The 210Pb and 210Po, originally present in the raw material in 
secular equilibrium with their progenitor (238U), is in a big proportion accumulated in the unattacked 
residue generated in the first step of digestion of the raw material. As in the previous analyzed case, 
the treatment of the raw material with sulphuric acid conduits to the generation of lead and polonium 
sulphates that due to their low solubility finish associated to the unatacked residue,
This residue can contain activity concentrations of 210Pb and 210Po six to eight times higher than in the 
treated raw material, and is separated from the process immediately after the finalization of the digestion 
process. This residue, in wet form is generally disposed in authorized areas, with a quite low radiological 
impact due to their 210Pb and 210Po content. More details about the 210Pb and 210Po behavior in this type of 
industry can be found in García-Tenorio and Bolivar, 2011.
We will finish this section talking about the paradigmatic case of the gas industry, because can be 
considered the only NORM industry where being thermal processes not applied, the role of 210Pb and 
210Po in increasing the exposure of workers cannot be considered minor (strictly, and attending to the title 
of the wok presented the inclusion of this industrial activity in this paper can be questioned because not 
mineral processing is performed).
During the extraction of natural gas, lead deposits sometimes are formed. These deposits may form a 
serious threat to operations because they tend to block production equipments or injection pumps and 
tubing (Godoy et al., 2005). In some cases, 210Pb is present in these compounds at levels greater than 
regulatory concern, which necessitates additional safety measures during operations and maintenance.
In addition, the water which is present in the gas formations can contain radium isotopes dissolved from 
the reservoir rock, together with the decay progeny (222Rn and daughters). For that reason, the gas after 
isolation from these waters can contain 222Rn (noble gas) that in the storage tanks and conductions can 
decay through very short half-lives nuclides to 210Pb. This 210Pb tends to be deposited, and consequently 
can be found in high concentrations as thin layers in the internal surfaces of tanks and deposits where the 
extracted gas is stored. These thin layers can have a non-negligible occupational radiological importance 
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during maintenance operations, because being 210Pb a beta emitter is only a concern when these internal 
surfaces become exposed (Bland and Chiu, 1996).
Industrial NORM activities based in thermal processes
The role of the 210Pb and 210Po, from the radiological point of view, needs to be considered carefully in most 
of the NORM industrial activities based in the application of thermal processes. In the thermal processes, 
the heating of the raw material provokes the volatilization of radionuclides with low boiling point as 
210Pb and 210Po, increasing the exposure of plant workers due to the possible inhalation of furnaces fumes 
enriched in these nuclides, and even of the public  if these radionuclides are partially released to the 
atmosphere
The number of NORM industrial activities based in the application of thermal processes is far from being 
limited. It includes for example all the industrial activities associated to the extraction of different metals 
(iron, tin, cupper, etc) from raw materials which are based in the application of melting processes. In 
these cases the 238U series radionuclide content in the feedstock are quite variable, and consequently will 
be quite variable the 210Pb and 210Po content in the fly ash (sintering dust) and furnace coal ash  (blast 
furnace dust) produced by as a result of the smelting process, where both radionuclides are accumulated.
However, as it is stated in IAEA, 2007, particularly the following NORM industrial activities, based in the 
application of thermal processes, need to be assessed from the radiological point of view associated to the 
behavior of 210Pb and 210Po, and even can require regulation based in worker dose.
a) Iron and steel production
Elected in this paper as representative of the industries devoted to extraction and isolation of metals, we 
can start indicating that the production of primary iron from iron ores consists of two main steps: the first 
one where sinters and/or pellets are generated from iron ore, and the second one where the primary iron 
is produced in blast furnaces from the previously generated sinters and pellets. In both steps, processes 
at elevated temperatures are applied provoking the volatilization of 210Po and 210Pb.
The iron sinters are produced from mixtures of ore, cokes and recycled dust, with the activity concentrations 
for most of the radionuclides from the decay chains of 238U and 232Th in the feed mix in the order of 15Bq/
kg (210Po and 210Pb concentrations can be somewhat higher because of the recycling of enriched dust). The 
sinters are fired with gas and temperature reaches 1400ºC, provoking the volatilization of 210Po and 210Pb 
and their posterior condensation on dust particles also carried out by the off gas. Dust from sintering is 
enriched in 210Po relative to 210Pb (boiling points of 960ºC and 1740 ºC, respectively) and strongly depleted 
in all other natural radionuclides present in the raw material. The off-gas is “cleaned” with electrostatic 
precipitators or high-pressure water scrubbers, although the small particles particularly enriched in 210Po, 
and in a less extent in 210Pb, can escape, being emitted to the surrounding environment. The magnitude 
of the dust emissions to the atmosphere will depend on the efficiency of the off-gas cleaning systems.
The iron pellets are generated by applying a process similar to the described in the previous paragraphs, 
with the application of elevated temperatures, In both cases atmospheric emissions enriched in 210Po 
and 210Pb are produced, originating a public radiological impact which magnitude should be evaluated. 
In addition, significant amounts of dust particles are present and recycled along the sintering and/or 
pelletizing processes enriched particularly in 210Po, increasing the exposure of plant workers due to the 
possible inhalation of furnaces fumes enriched in these nuclides. Inhalation is clearly the most important 
route for occupational exposure increments in the iron sintering and pelletizing plants.
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Primary iron is produced from sinters and/or pellets and cokes in blast furnaces, being generated in 
addition blast furnace gas carrying dust. Because of the high temperature, 210Pb and 210Po, still present 
in the feed materials are volatilized and condensed preferentially in the dust particles carried by the gas. 
210Pb concentrations in this dust are higher than those of 210Po because the latter radionuclide had, on a 
large extent, being removed in the sintering or pellet process due to its significantly lower boiling point.
Together with the primary iron, it is formed in the process a solid residue (slag) which can contains 100 to 
150 Bq/kg of the radionuclides of the 238U and 232Th, with the exception of 210Po and 210Pb strongly depleted, 
and that, consequently does not generate any special concern in relation with potential increments in 
the worker exposures inside the iron plant, More concern is the possible exposure increments due to 
inhalation of dust enriched in 210Pb and 210Po, specially during maintenance operations. The finer fraction 
of the dust collected in filters from scrubbing the blast furnace gas can contain up to 15-25 Bq/g of 
210Pb and a few Bq/g of 210Po, and special countermeasures should be taken in order to avoid the possible 
inhalation of the fine material by the workers.
b) Niobium Processing
The niobium is an element used on a large scale in all kinds of electronic equipment, in nuclear reactors 
and in the aerospatiale industry, which is extracted from ores that contains enhanced levels of the decay 
chains of 238U and 232Th. The niobium ore is processed by melting, dissolution with strong acids, reduction 
to metallic niobium at 800ºC and isolation for the removal of impurities. Due to the thermic process 
applied, this industrial activity may involve discharges into the air of 210Pb and 210Po, volatile elements, 
and accumulation of both radionuclides in the dust collected in precipitators and filters used for cleaning 
off the gases released to the atmosphere.
The precipitator dust in the process of niobium extraction can contain from 100 to 500 Bq/g of 210Pb and 
210Po (IAEA, 2007). Consequently, occupational exposure to dust in the production process may be a need 
to be controlled.
c) Production of elemental phosphorous
A typical elemental phosphorous production process starts with a granulation step where a binder (clay) 
is added as a slurry on a rotating dish, together with ground phosphate rock (the phosphate rock can 
contain around 1-2 Bq/g of 238U and daughters in secular equilibrium if it has a sedimentary origin). 
Afterwards, the pellets which are obtained in this way are dried and sintered at 800 °C. The rock pellets are 
then mixed with coke (reducing agent) and fed into a furnace.  The furnace is heated to 1500 °C by passing 
a large current through carbon electrodes in the furnace.
At the commented elevated temperature, phosphate is reduced to P. This leaves the furnace as a gas, 
together with the by-product CO and some dust. This dust is removed in an electrostatic precipitator 
and recycled into the process. The P is then condensed. The resulting CO gas stream is used as fuel for the 
sintering plant and other on-site processes. 
During the sintering process, 210Po, volatilizes and escapes from the feedstock material. It passes through 
the scrubbers that wash the sinter gases and is emitted into the atmosphere. Most of the 210Pb, which is 
less volatile than 210Po, remains in the sintered feedstock.
In the furnace, the radionuclides above 222Rn in the 238U decay chain remain in the melt and become part 
of the slag. Of the radionuclides escaping from the melt,  the relatively long-lived 210Pb (half-life 22 years) 
builds up in the precipitator dust during the recycling process to an activity concentration of about 1000 
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Bq/g, representing a thousand-fold enrichment of this radionuclide (Erkens, 1999), while due to the loss 
of 210Po during the sintering of the pellets, the activity concentration of 210Po in the precipitator dust is 
initially only about 60 Bq/g, considerably lower than the activity concentration of 210Pb. The progeny of 
210Pb (210Bi and 210Po) have half-lives of 5 and 138 days, respectively, and after about 4 half-life periods 
these progeny are present again in the precipitator dust at nearly the same activity concentration as that 
of the parent nuclide 210Pb.
The annual discharge of 210Po is in fact even higher than the annual input with the ore because of the 
recycling of electrostatic precipitator dust that is highly enriched in 210Pb. As a consequence, this recycling 
210Pb has a relatively long residence time in the production facilities and gives rise to “additional” 210Po 
which is then discharged largely in the sintering process. This 210Po is additional in the sense that is more 
that would be expected from a simple calculation of the 210Po content of the phosphate used to produce 
the batch of phosphorous (European Commission, 2003)
The main source of exposure of phosphorus plant workers is the precipitator dust recycled in the process, 
due to its high 210Pb and 210Po activity concentrations. Doses reaching 1 mSv/y can be received by the 
workers associated to the inhalation of precipitator dust (IAEA, 2007).
Finally, to put in context the magnitude of the Po-210 and Pb-210 atmospheric emissions of these elemental 
phosphorous production plants, we can indicate that the emission from an elemental phosphorus plant 
is responsible for the highest emission to air of Po-210 and Pb-210 in the Netherlands (Tanzi, 2008). The 
plant operates under a permit, with the statutory assumption of an operational life of 25 years for the 
calculation of the dose. The collective dose due to the emissions from the plant is estimated combining 
the effective dose with the spatial distribution of the population in the Netherlands. For emission of 210Po 
it is estimated in the order of 23 manSv. For Belgium the estimate is 7 manSv. 
d) Manufacture of zirconia
The mineral zircon is heavy mineral sand with a wide range of industrial applications that contains elevated 
activity concentrations of the 238U and 232Th series. It is particularly the material used as feedstock for the 
manufacture of zirconia (zirconium dioxide), compound with commercial applications as refractories, 
ceramic pigments and abrasives.
The zirconia generally is manufactured through the fusion of zircon mineral. Zircon sand (mixed with 
coke) is melted in an electric arc furnace at a temperature near 3000ºC. At the mentioned temperature 
the zircon dissociates into ZrO2 and SiO2 and the coke react with the SiO2 to produce SiO and CO2. On 
contact with air, the SiO forms SiO2 fume which is removed from the furnace by a fume collection system, 
passed through scrubbers and collected as a very fine dust. The ZrO2 (zirconia) remaining in the furnace 
is afterwards conditions for commercial use.
The fusion process liberates all the radionuclides originally present in the zircon, which ends either in the 
zirconia product or in the silica dust. Concerning 210Po and 210Pb, low concentrations have been measured 
in zirconia products as expected because both radionuclides volatilizes in the furnace being incorporated 
to the silica fume and attached to the formed silica dust particles in the gas collection systems. This dust 
can contain up to 600 Bq/g of 210Pb and 210Po, conducting to a potential worker dose of 0.25 to 3.0 mSv/y 
via inhalation. The exposure of workers to silica fume needs then to be controlled.
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e) Combustion of coal
Although the great majority of the coal used to produce heat and electricity contains moderate amounts 
of U and Th, their combustion results in the generation of fly ash that accumulates the 210Pb and 210Po due 
to their volatility.
The concentrations of radionuclides in the ashes generated in coal combustion processes tend to be 
significantly higher than in the coal, being reported in the case of 210Pb, concentrations as higher as 100 
Bq/g. A good management policy should be applied for the disposal or reuse (for example in the cement 
industry) of the fly ash in order to minimize the occupational doses received by the workers.
A small amount of the ash can be discharged via the stack along with volatilized radionuclides such as 
210Po and 210Pb. However, fly-ash emissions from the stack of coal-fired stations depend on the efficiency 
of the flue gas cleaning by electrostatic precipitators and scrubbers and so the amount of fly ash emitted 
to the atmosphere will vary between plants. As is quoted in UNSCEAR (2000) the annual emissions in 
GBq by a “typical” 600 MW coal fired power station was 0.4 for 210Pb and 0.8 for 210Pb, although for 
modern plants the aerial discharge of NORM nuclides is clearly lower because they have efficient filter 
systems to prevent the aerial discharge of fly ash.
In addition, enhanced amounts of 210Pb/210Po can be found in the internal walls of the furnaces and pipes 
involved in the combustion processes, where they are attached, associated to particulates transported by 
the flue gases generated in the combustion, in the form of deposits or scales (Hipkin et al, 1998; Robles 
et al., 2008). Special consideration to these deposits should be taken, particularly during maintenance 
operations along the production process, in order to minimize the exposures received by the workers 
involved in these operations.
f) Cement production
The production of cement involves the heating, calcining and sintering of blended and ground raw 
materials, typically limestone and clay or shale and other materials to form clinker. This clinker burning 
takes place at 1450ºC in kilns. The formed clinker is then ground and mixed with small amounts of gypsum 
to give Portland cement, although, in addition, blended cements are produced from cement clinker with 
fly-ash. Large cements plants can produce of the order of 4000t of cement per day.
Because of the very high temperature of the raw materials in the kilns, volatilization of 210Po and 210Pb 
is the main potential source of aerial discharges. Data included in UNSCEAR 2000 indicates that the 
estimated Annual aerial discharges for a ‘typical’ cement plant with a 2000 kt/y output of different types 
of cement are the following: 0.2 GBq/y for 210Pb and 78 GBq/y for 210Po. These estimations are based on 
the assumption that 50% of the polonium escapes from the thermal process.
The production of bricks and roofing tiles deserve similar comments and conclusions as the obtained 
ones by the cement industry The firing temperature of the ovens used to treat the clay for production of 
bricks and tiles produces the volatilization between 40 and 100% of the 210Po, which is released to the 
atmosphere in a proportion which depends on the extent of the off-gas cooling and cleaning installed 
mainly to abate dust and HF emissions. 
An upper estimate of the aerial discharge of 210Po from a brick factory can be based on the following 
assumption: typical production 30 kt/y, average concentrations in clay 35 Bq/kg, volatilization 100%, 
trapping in off-gas 0%. The maximum annual emission for such a plant is 1 GBq of 210Po.
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Conclusions
In this paper it has been highlighted the important role of 210Pb and 210Po in increasing the exposure of 
workers in NORM industries where thermal processes are applied. In other type of NORM industrial 
activities the mentioned role is clearly minor with the possible exception of the gas industry.
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